Deformation-induced nanoscale high-temperature phase separation in Co-Fe alloys at room temperature Lai Instead of applying severe plastic deformation, high-temperature heat treatment or high pressure, grain refinement and high-temperature phase separation induced by deformation in single-phase body-centered-cubic ͑bcc͒ coarse-grained Co-Fe alloys have been achieved by simple room-temperature compression. The alloys exhibit large plasticity over 140% without fracture. Phase separation from the bcc phase to nanoscale face-centered-cubic Fe and Co phases, which generally occurs at high temperature above ϳ1150 K, is formed in the deformed samples. The possible mechanisms are shear deformation and deformation-enhanced atomic diffusion rather than the temperature rise during deformation. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2740476͔
Plastic deformation is one of the popular solid-state processing methods to modify the microstructure and to improve both the physical and mechanical properties of engineering materials. For example, severe plastic deformation methods, including equal channel angular pressing ͑ECAP͒ and high-pressure torsion, have been widely used to produce bulk ultrafine-and/or nanoscale-grained metals and alloys. [1] [2] [3] [4] Compared with the coarse-grained starting materials, the deformation-induced fine-scale bulk materials exhibit excellent mechanical properties combining the high strength and large ductility owing to grain refinement by severe plastic deformation. 2, 3 However, the mechanism of the deformationinduced grain refinement to the ultrafine or nanoscale level is strongly related to the crystal structure of the investigated metallic materials.
1 On the other side, it has been reported that plastic deformation can induce phase transformations ͑such as nanocrystallization in metallic glasses, 5, 6 twinning, and martensitic transformation 7 ͒. Cobalt-iron alloys are ideally suited for industrial applications where high flux is required. 8, 9 However, the primary limitation of these alloys at present is not their hightemperature magnetic capability but their poor mechanical properties. It is well known that at room temperature the Co-Fe alloys are quite brittle when ordered and less brittle when disordered; a change accompanied by a transition from largely intergranular fracture to transgranular cleavage, 10 which makes them unsuitable for industrial applications. Therefore, intensive research and development efforts over the years have resulted in a significant improvement of ductility by microalloying ͑such as V͒ and a better understanding of the mechanical behavior and the phase transformations in Co-Fe alloys. 8, 9, [11] [12] [13] [14] Particularly, the order-disorder transition [15] [16] [17] and the phase transitions from lowtemperature body-centered-cubic ͑bcc͒ ͑␣-Fe͒ to hightemperature face-centered-cubic ͑fcc͒ ͑␥-Fe+ ␣-Co͒ ͑Refs. 16 and 18͒ or hexagonal-close-packed ͑hcp͒ ͑-Fe͒ ͑Ref. 19͒ structures in the Co-Fe base alloys have attracted considerable attention. In general, the order-disorder and bcc-fcc phase transitions have been investigated either by high pressure or by high-temperature heat treatment. [15] [16] [17] [18] [19] In this letter, we report on grain refinement and hightemperature phase separation induced by deformation in single bcc Co-Fe alloys obtained upon simple conventional room-temperature uniaxial compression, instead of applying severe plastic deformation, high-temperature heat treatment, or high pressure. The possible mechanisms for the deformation-induced grain refinement and phase separation into high-temperature phases at room temperature will be discussed.
The Co-xFe ͑x = 25 and 35 wt. %͒ alloys were prepared by arc melting a mixture of pure elements ͑99.9 wt. % ͒ under a Ti-gettered argon atmosphere. The mechanical properties were evaluated under uniaxial compressive testing at room temperature. For this purpose, cylindrical specimens with 6 mm diameter and 9 -12 mm length were cut from the arc-melted alloys and tested in an Instron 8562 testing machine at a strain rate of 1.2ϫ 10 −4 s −1 . Both loading surfaces were carefully polished to be parallel to an accuracy of less than 10 m prior to compressive testing. The structural features before and after compression were examined by x-ray diffraction ͑XRD͒ using a Philips PW 1050 diffractometer a͒ Author to whom correspondence should be addressed; electronic mail: lczhangimr@gmail.com and l.zhang@ifw-dresden.de with monochromated Co K␣ radiation, JEOL JSM 6400 scanning electron microscopy ͑SEM͒, and Philips CM 20 transmission electron microscopy ͑TEM͒ coupled with energy-dispersive x-ray ͑EDX͒ analysis.
SEM analysis ͓Fig. 1͑a͔͒ of the arc-melted Co-25Fe alloys reveals a coarse-grained microstructure with a grain size in the range of 200-500 m. The XRD patterns ͓Fig. 1͑b͔͒ show that both alloys consist of a single bcc CoFe phase. The lattice parameters of the CoFe phase, a CoFe , are 0.2841 and 0.2848 nm for the Co-25Fe and Co-35Fe alloys, respectively. These values are consistent with the suggested lattice parameters equation for bcc Co-Fe. 8 Figure 2 shows the uniaxial compressive true stressstrain curves at room temperature for the single-phase bcc Co-Fe alloys. Both alloys exhibit a similar deformation behavior: low yield strength ͑ 0.2 ͒ ͑ϳ355 and ϳ270 MPa for Co-25Fe and Co-35Fe alloys, respectively͒ and remarkable strain hardening from yielding up to the ultimate strength ͑ϳ820 and ϳ1200 MPa͒ with a plastic strain ͑ p ͒ exceeding 140%, without any loss of strength or fracture. The deformed samples display a drum shape. Elongated grains and a high density of wavy slip bands can be found in the longitudinal cross section of the deformed alloys ͓Fig. 1͑c͔͒. These complex stress and complicated straining patterns will promote grain refinement and in turn enhance the plasticity of the alloys. 20 The XRD patterns of the deformed alloys ͓Fig. 1͑d͔͒ indicate that phase separation from a single low-temperature bcc phase to high-temperature fcc Fe and fcc Co has occurred upon compression at room temperature. The lattice parameters of the deformed bcc phase are 0.2840 and 0.2846 nm for the deformed Co-25Fe and Co-35Fe alloys, respectively. These values are somewhat smaller than those of the as-prepared alloys. The lattice distortion was estimated using the well-known Williamson-Hall method for the deformed bcc phase in the Co-25Fe and Co-35Fe alloys to be 0.20% and 0.29%, respectively. The grain size of the precipitated fcc phases is estimated to be less than 10 nm. The lattice parameters of the fcc Fe ͑a 0 = 0.3659 nm͒ and fcc Co ͑a 0 = 0.3554 nm͒ are 0.3660 and 0.3555 nm in the Co-25Fe alloys, and 0.3658 and 0.3559 nm in the Co-35Fe alloys, respectively. These means that deformation induces phase separation into pure fcc Fe and fcc Co upon roomtemperature compression.
TEM observation ͓Fig. 3͑a͔͒ illustrates that a filamentary structure has formed after deformation, where the filamentary boundaries are indicated by arrows. The degree of deformation of the bcc filaments is inhomogeneous and increases from the sample surface towards the center ͑i.e., from the edge to the center in the TEM micrograph͒: one can find less, severely, and most severely deformed zones. Elongated filaments are located at the edge, while pronounced refined particles with a grain size in the range of 80-200 nm are visible at the severely deformed zones. Selected-area electron diffraction ͑SAED͒ patterns ͓Figs. 3͑b͒ and 3͑c͔͒ and EDX analysis prove that the filaments and the refined particles are bcc phases. It is interesting to note that nanoscale high-temperature fcc Fe and fcc Co phases, as proved by SAED pattern ͓Fig. 3͑d͔͒ as well as by XRD ͓Fig. 1͑b͔͒, are observed at the boundaries of fine bcc particles. Therefore, the deformed alloys show a bimodal microstructure consisting of multiscale grains, which is believed to greatly contribute to the large plasticity of the Co-Fe alloys. 20 Meanwhile, deformation-induced phase transition into nanoscale fcc phases with more slip systems will also enhance their plasticity. 7 The bcc-fcc phase transition typically occurs at high temperature ͑ϳ1150 K͒, dependent on compositions according to the Co-Fe binary phase diagram. 21 However, this high-temperature phase separation has been achieved under the present conventional compressive testing conditions at room temperature. At first glance, the high-temperature phase separation could be postulated to be related to a deformation-induced temperature rise. Experimental measurements of the temperature rise upon bend testing based on a fusible tin coating 22 showed that there can be a remarkable local temperature rise of thousands of degrees for a few nanoseconds. Such a high local temperature rise may induce high-temperature phase transitions ͑in our case, phase separation͒. It has been reported that the high-temperature phase separation on the surface of the Fe-50Co alloy can be detected by heat treatment at 1273 K for 4 h, followed by water quenching. 16 Therefore, owing to the ultrafast heating and the short holding time at the assumptive high temperature induced by plastic deformation, atomic diffusion will be kinetically limited in the phase transition. In addition, the fcc phase will transform back to the bcc phase under slow cooling in air. This is quite similar to the deformation-induced nanocrystallization in amorphous alloys, 5, 23 which was argued not to directly result just from the deformation-induced temperature rise. It is known that the bcc↔ fcc phase transition in Co-Fe alloys is diffusion controlled. 24 The formation of the filamentary structure in the deformed Co-Fe alloys ͓Fig. 3͑a͔͒ is analogous to the scenario in ball milling 25, 26 and ECAP, 4 where shear deformation and deformation-enhanced atomic diffusion under plastic deformation lead to grain refinement and/or phase transformation. In fact, as illustrated by the TEM observation ͓Fig. 3͑a͔͒, the deformation degree of the bcc filaments is inhomogeneous and increases from the sample surface towards the center. Pronounced grain refinement locates at the severely deformed zones, while hightemperature phase separation appears at the most severely deformed zones. In contrast, dislocations and elongated bcc filaments are found in the less deformed zones. These phenomena are quite similar to the scenario in the case of different milling times during ball milling and different passes for ECAP. 4, 25, 26 Further detailed investigations concerning the effects/competition of ordering, clustering, and phase separation in this alloy system are underway and will be published in a forthcoming paper.
In summary, we have achieved pronounced grain refinement and nanoscale phase separation into high-temperature phase upon the conventional compression of initially coarsegrained Co-Fe alloys at room temperature. The observed phenomena are a consequence of the shear deformation and dramatic deformation-enhanced atomic diffusion during deformation. The alloys exhibit large plasticity over 140% without fracture, which is contributed to the deformationinduced nanostructuring and bimodal microstructure. FIG. 3 . TEM micrographs of the deformed Co-25Fe alloy: ͑a͒ bright-field image, corresponding selected-area electron diffraction patterns along ͑b͒ ͓001͔ and ͑c͒ ͓111͔ axes for the deformed bcc particle A and ͑d͒ for the phase separation zone B showing the deformation-induced phase separation into high-temperature phase at room temperature.
